This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. The primary objective of this study was to study the effects of 17-methoxyl-7-hydroxybenzene-furanchalcone (MHBFC) on pressure overload-induced cardiac remodeling in rats, as well as the endothelial mechanisms based on PGI 2. Methods: Six weeks following surgery, rats were divided randomly into the following groups: a sham group, a model group, an MHBFC 12 mg/kg/day group (MHBFC 12), an indomethacin 2 mg/kg/day group (Indo 2), and an Indo 2+ MHBFC 12 group. The MS 4000 organism signal system was used to record the rats' hemodynamic indices. Additionally, the heart weight was determined, and the cardiac remodeling index was calculated. HE and Masson's stains were utilized to perform histological analyses; the immunofluorescence was used to observe the microvessel density of myocardial tissue; the colorimetric method was used to determine the hydroxyproline content of cardiac tissue; the ELISA method was used to measure the plasma PGI 2 content; and transmission electron microscopy was used to observe the ultrastructure of the myocardium. Results: A hyperdynamic circulation state, cardiac remodeling, decreased microvessel density and decreased plasma PGI 2 content were each observed in the model group compared with the sham group, in which any changes in the above parameters were effectively reversed by MHBFC. Single-use Indo administration resulted in the progression of these pathophysiological changes; however, MHBFC prevented the worsening of these parameters. Conclusion: MHBFC significantly reverses pressure overload-induced cardiac remodeling, and its mechanism may partially contribute to the amelioration of endothelial cell function and the augmentation of PGI 2 synthesis and secretion.
Introduction
Hypertension is a continuum that begins with a rise in blood pressure and evolves into left ventricular hypertrophy (LVH), proteinuria or endothelial dysfunction; the primary pathophysiological characteristics associated with hypertension are pressure overload and cardiovascular remodeling, which includes both vascular remodeling and cardiac remodeling. If not adequately treated or controlled, remodeling may result in the development of complications, including both stroke and heart failure. Therefore, reversing pressure overloadinduced ventricular remodeling has been the focus of recent research. The development of new antihypertensive and antiremodeling drugs, which are expected to decrease the morbidity and mortality of hypertension, is the focus of this research. Endothelial dysfunction is plays an important role in both the pathogenesis and the progression of hypertensive heart disease [1] [2] [3] . The pathophysiological mechanisms of endothelial dysfunction are related to a decrease in the bioavailability of NO, as well as decreased PGI 2 content and augmented ET-1 synthesis, release, and activity [4] . Several studies have determined that NSAIDs affect blood pressure in both normotensive and hypertensive individuals [5] [6] [7] . A multicenter study has demonstrated that indomethacin (Indo) attenuates the 24-hour antihypertensive effects of losartan and captopril in hypertensive patients, which may be related to decreased prostaglandin synthesis [8] . The potential of PGI 2 to contribute to the beneficial effects of ACEII in the heart has been demonstrated in the attenuation of myocardial stunning and arrhythmias in the setting of ischemia-reperfusion injury [9] [10] [11] [12] , left ventricular relaxation in isolated hearts [13] , the exertion of antihypertrophic effects in the setting of ANG IIinduced myocyte hypertrophy in vitro [14] , the inhibition of collagen expression by PGI 2 release by rat cardiac fibroblasts [15] , and the reversal of pressure overload-induced cardiac remodeling in mice [16] .
Millettiapulchra (Benth.) Kurz var. Laxior (Dunn) Z. Wei (Papilionaceae) (MKL) is a traditional Chinese medicinal herb distributed extensively in the Guangxi Province of China. MHBFC is a flavonoid monomer that was originally isolated from a 60% ethanol extract from MKL roots [17] . Previous studies have demonstrated that MHBFC scavenges hydroxyl radicals and oxyradicals [18] , enhances the cardiocyte survival rate in the setting of hypoxia/reoxygenation injury [19] , and protects the heart against myocardial ischemia both in vitro and in vivo [20] , thereby preventing the pressure overload-induced progression of cardiac hypertrophy to cardiac failure by normalizing the balance between the nitric oxide signaling system and the endothelin signaling system [21] . Based on the above information, we investigated the effects of MHBFC on cardiovascular remodeling induced by pressure overload, and utilized Indo, an inhibitor of PGI 2 , in order to determine whether the potential mechanisms underlying the effects of remodeling are related to both the synthesis and the secretion of PGI 2 .
Materials and Methods
Chemicals MHBFC (purity > 95%) was isolated from MKL by the Department of Pharmacology, Guangxi Medical University (Guangxi, China), and characterized using UV, IR, ESI-MS, NMR, and X-ray monocrystal diffraction [17, 20] . Indo was purchased from Shanxi YunPeng pharmaceutical Co., Ltd. All other chemicals and materials were obtained from local commercial sources.
Animals and experimental design
Male Sprague-Dawley rats weighing 130-160 g were obtained from the Guangxi Medical University Laboratory Animal Center. The rats were housed under standard conditions (20-25°C, 50-60% humidity, with a 12 h light-dark cycle) and were given standard rodent chow and free access to water. The animal experiments were approved by the Animal Ethics Committee of Guangxi Medical University and performed in accordance with the institution's guidelines. Following surgery, the rats were randomly divided into the following groups (n=6): a sham group, in which the rats underwent a similar surgery that did not include aortic banding and were treated with distilled water; a model group, in which the rats were subjected to pressure-overload induced by abdominal aortic banding (AAB) above the renal arteries and were treated with distilled water; an MHBFC 12 group, in which the rats were treated with MHBFC at a dose of 12 mg/ kg/day after being subjected to AAB; an Indo 2 group, in which the rats were treated with Indo at a dose of 2 mg/kg/day after being subjected to AAB; and an Indo 2 + MHBFC 12 group, in which the rats were treated with MHBFC at a dose of 12 mg/kg/day plus Indo at a dose of 2 mg/kg/day, after being subjected to AAB. The drugs were dissolved in distilled water and were administered orally once a day for 6 weeks following surgery.
General surgical procedure
The rats were anesthetized using 10% chloral hydrate (3 ml/kg, intraperitoneal injection) and restrained in the right lateral position. Under sterile conditions, the abdominal aorta was exposed above the kidneys via a midline abdominal incision and constricted at the suprarenal level by a 4-0 silk suture tied around both the aorta and a blunted 22-gauge needle, which was then removed. The sham group was subjected to an identical treatment that omitted the abdominal aortic ligation [22, 23] .
The measurement of conscious systolic blood pressure (SBP) and the heart rate (HR)
On days 0, 14, 28 and 42, both the SBPs and the HRs of all rats (3 times per animal, and the average was calculated) were monitored using the MS 4000 biological signal quantitative analytical system (Longfeida Technology Co., Ltd.) and the tail-cuff method, as described previously [20] .
The measurement of the rats' hemodynamic parameters
On day 42, all rats were anesthetized using 10% chloral hydrate (3 ml/kg, intraperitoneal injection), and a polyethylene catheter connected to a transducer was inserted into the right carotid artery. The relevant transducer was subsequently connected to an MS 4000 organism signal quantitative analytical system (Longfeida Technology Co., Ltd.), and the mean carotid pressures were recorded [20, 23] .
After the mean carotid pressures were recorded, the polyethylene catheter was inserted into the left ventricle along the right carotid; the electrodes were plugged into the limbs for electrocardiography, and the hemodynamic parameters (including LVSP, LVEDP, +dp/dt max , and −dp/dt max ) were recorded using the MS 4000 system for the evaluation of cardiac function [20, 23] .
The measurement of the cardiac remodeling indices
Following the measurements of the hemodynamic parameters, blood samples were collected from the abdominal aorta, and the rats were killed via exsanguination. The heart was promptly removed, washed with cold saline and weighed. The heart-weight index (HW/BW) was calculated by dividing the heart weight (HW) by the body weight (BW), and the left ventricular (including the interventricular septum) and right ventricular free walls were then collected separately and weighed. The left ventricular weight index (LVW/ BW) and the right ventricular weight index (RVW/BW) were then calculated.
Myocardial histopathology
The myocardial samples were fixed in neutral 10% buffered formalin, embedded with paraffin and cut into approximately 5-mm-thick sections, followed by both routine hematoxylin and eosin (HE) staining and Masson's staining. The myocyte cross-sectional area (in the HE stained sections, ×400) and myocardial fibrosis (in the Masson's stained sections, ×100) were then quantitatively analyzed using Image J2× software. Fifty cells from the left ventricular lateral-mid free wall (including both the epicardial and the endocardial portions) were randomly selected, and the cross-sectional area of each rat was then measured. The extent of myocardial fibrosis in the tissue sections was quantitatively analyzed via morphometry in the following two ways (including the interstitial fibrosis index and the perivascular fibrosis index): first, the collagen in the myocardial interstitial spaces, excluding the perivascular areas, was visualized, and the entire area of the section was scanned. The interstitial fibrosis index was defined as the sum of the total area of collagen in the entire visual field divided by the sum of the total connective tissue area, plus the myocardial area in the entire visual field [24, 25] ; second, the extent of the perivascular fibrosis of the arteries was evaluated using short-axis images of both the intramuscular arteries and the arterioles (at least 10 per rat). The area occupied by the artery and the area of fibrosis surrounding the artery were each traced and calculated. The perivascular fibrosis index was defined as the area occupied by the artery divided by the area of fibrosis surrounding the artery [24, 25] . The immunofluorescence technique was used to observe the effects of MHBFC on microvessel density of hypertrophic myocardial tissue. Images from all sections were acquired using a fluorescence microscope with digital camera system. Four fields per section were randomly selected to quantify the CD34 and DAPI positive expression, the CD34 had red-staining represented the number of myocardial microvessel, the DAPI had blue-staining represented the number of myocardial cells. The myocardial microvessel density was defined as CD34 positive count/ DAPI positive count [26, 27] .
PGI 2 and hydroxyproline measurements
After the blood samples were collected, the heparinized blood was immediately centrifuged at 3000 rpm for 10 min, and all samples were stored at -80°C until assayed. PGI 2 was determined using a rat PGI 2 ELISA kit (CUSABIO BIOTECH Co., Ltd.), according to the manufacturer's instructions. The content of hydroxyproline in the cardiac tissues was measured via a colorimetric method, using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Myocardial ultrastructure
Transmission electron microscopy (TEM, Hitachi, Japan) was used to observe the ultrastructure of the myocardium. The myocardial specimens were cut into approximately 80-nm-thick slices and then fixed in 2.5% glutaraldehyde and embedded in Epon resin. The ultrathin sections were subsequently cut and counterstained with uranyl acetate and lead citrate, and examined using a Hitachi H-7650 TEM.
Statistical analysis
All group values are presented as means±SDs, and the data were evaluated using the Sigma Stat (version 16.0) statistical analysis program (SPSS Inc, Chicago, IL, USA). The differences between groups were tested for statistical significance using the one-way analysis of variance (ANOVA) via the S-N-K posttest. P values less than 0.05 were considered statistically significant.
Results

The effects of MHBFC on the amelioration of the hemodynamic parameters
Following AAB above the renal arteries, the HR and SBP were not significantly different among the groups on day 0, but increased significantly on days 14, 28 and 42 compared with the sham rats. These results were prevented by treatment with MHBFC for 6 weeks. Singleuse Indo resulted in additional increases in both HR and SBP in a time-dependent manner, and MHBFC significantly ameliorated these changes (Fig. 1) . Fig. 1 . The effects of Indo on the amelioration of heart rate (HR) and systolic blood pressure (SBP) by MHBFC in pressure-overloaded rats. 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
The right carotid aortic systolic blood pressure (ASBP) was significantly elevated in the AAB-treated rats compared with the sham-operated rats. These changes were prevented by treatment with MHBFC for 6 weeks. The ASBP in the rats in the Indo 2 group increased significantly in a time-dependent manner, and MHBFC significantly ameliorated these changes. The systolic cardiac parameters, including LVSP, +dp/dt max , and the diastolic cardiac parameters, including -dp/dt max , were each significantly elevated among the AAB-treated rats. By contrast, LVEDP decreased significantly. These changes were also prevented via treatment with MHBFC. Single-use Indo resulted in additional increases in cardiac contractility but reduced cardiac diastolic compliance significantly. It also inhibited the increase in cardiac contractility and ameliorated cardiac compliance in combination with MHBFC (Fig. 2) .
MHBFC improved pressure overload-induced left ventricular hypertrophy
The LVH was characterized by increases in both the HW/BW and LVW/BW ratios, whereas BW was not significantly different among the groups; the HW/BW, LVW/BW, and RVW/ BW increased significantly in the Indo 2 group compared with the sham-operated controls, Fig. 2 myocyte cross-sectional area increased significantly compared with the sham-operated rats, and that MHBFC significantly inhibited the increase in myocyte cross-sectional area (Fig.  4 A-B) . The histology of the hearts of the AAB-treated rats demonstrated that the levels of myocardial and perivascular fibrosis both increased significantly compared with the sham group. Additionally, both the collagen volume fraction (CVF) and the perivascular collagen area (PVCA) increased significantly in the Indo 2 group, and MHBFC inhibited the decreases of both the CVF and the PVCA (Fig. 5 A-D) . The microvascular density of myocardial tissue in AAB-treated rats decreased significantly compared with the sham group, these changes were prevented via treatment with MHBFC. Single-use Indo resulted in additional decreases in microvascular density in the Indo 2 group, and MHBFC inhibited these changes (Fig. 6) . Hydroxyproline content reflected the collagen levels within the cardiac tissues, and the degree of myocardial fibrosis increased in the AAB-treated rats compared with the shamoperated controls. This phenomenon was prevented via treatment with MHBFC for 6 weeks. Single-use Indo resulted in additional increases in hydroxyproline levels in the Indo 2 group, and MHBFC inhibited the increase in the level of cardiac hydroxyproline (Fig. 7) . 
MHBFC increased plasma PGI2 content
Six weeks following aortic banding, plasma PGI 2 content decreased significantly in the AAB-treated rats compared with the sham group. Long-term treatment with MHBFC significantly increased plasma PGI 2 levels. The chronic administration of Indo significantly decreased plasma PGI 2 content, and MHBFC inhibited the decrease in plasma PGI 2 content (Fig. 8) .
MHBFC prevented ultrastructural alterations
The results of an ultrastructural examination demonstrated that the ultrastructures of the cardiomyocytes in the model group rats experienced mitochondrial changes, changes characterized by diffuse mild to moderate increases in both size (hypertrophy) and number (hyperplasia), forming several rows of enlarged mitochondria that separated the myofibrils. Many of the mitochondria appeared to be both elongated as well as enlarged. Longitudinally oriented cristae, which were either parallel to the long axis of each mitochondrion, or were irregular and concentric, were observed in many areas. These features were more significant in the Indo 2 group. Following treatment with either MHBFC or Indo 2 combined with MHBFC, the cardiomyocytes exhibited an almost uniform parallel myofibril arrangement. The Z-lines dividing the sarcomeres were both linear and perpendicular to the myofilaments. The myofibrils alternated with rows of ovoid mitochondria (Fig. 9 ).
Discussion
In this study, we used a pressure-overload model, as described previously. This AAB rat model was characterized by LVH, LV functional disorders, pulmonary congestion, and RVH, as well as hypertension. Our previous results indicated that MHBFC prevented cardiac hypertrophy and prevented the progression of cardiac hypertrophy to cardiac failure, and that the mechanism of this action was related to the regulation of endothelial function, including the augmentation of NO release and the inhibition of the ET-1 system [21] . We continued to explore whether the potential mechanisms underlying these activities are related to the synthesis and secretion of PGI 2 .
PGI 2 , a metabolite of arachidonic acid (AA), is one of the primary prostaglandins of the cardiovascular system; its physiological activities include mediating the vasodilation of blood vessels and preventing both platelet aggregation and blood cell adhesion within the vascular wall in order to maintain blood flow, thereby preventing thrombosis and inhibiting the release of platelet thromboxane, which causes vasoconstriction. Animal experiments have demonstrated that PGI 2 significantly improves myocardial ischemia/reperfusion injury in mice [16, 28] . PGI 2 has been used in the treatment of primary pulmonary hypertension, chronic obstructive pulmonary disease and acute respiratory distress syndrome. It significantly reduces pulmonary resistance, improves the ventilation/blood flow ratio, reduces right ventricular afterload, and improves ventricular function [29] . Additional studies have demonstrated that several prostaglandin receptors are expressed in the heart, including the PGI 2 receptor-prostacyclin receptor (IP) [28, 29] . The above results suggest that PGI 2 plays an important role in the setting of cardiovascular disease.
In a previous animal experiment, the extent of the cardiac remodeling observed was significant in IP knock-out mice compared with wild type mice [16] . Another experiment also indicated that blood pressure, cardiac weight indices and myocardial fibrosis significantly increased in both salt-sensitive hypertensive mice and IP knock-out mice compared with wild-type mice [30] . The myocardial hypertrophy of cultured myocardial cells with the AngⅡ and ET-1 increased, but the participation rate of [3H]-phenylalanine was significantly decreased by Cicaprost (a PGI 2 analogue) [14, 31, 32] . These results suggest that the PGI 2 -IP signaling pathway is involved in both ventricular remodeling and myocardial cell hypertrophy.
The results of this study demonstrated that 6 weeks following abdominal aortic banding, increases were noted in several hemodynamic parameters among the model group rats; their hearts underwent significant remodeling (cardiac weight index, myocyte crosssectional area, CVF, PVCA); microvascular density of myocardial tissue was significantly decreased; myocardial tissue hydroxyproline content was significantly elevated, and plasma PGI 2 levels were decreased; however, following 6 weeks of treatment with MHBFC, these changes were ameliorated.
The results of this study also demonstrated that 6 weeks following abdominal aortic banding, increases were noted in several hemodynamic parameters among the rats in the Indo 2 group; the administration of MHBFC ameliorated these increases. Additionally, cardiac systolic and diastolic function were both significantly improved in the Indo 2 group compared with the Indo 2 group following the administration of MHBFC, as the administration of MHBFC significantly improved cardiac systolic and diastolic function, as well as the degree of myocardial fibrosis. Compared with the model group, the plasma PGI 2 content of the Indo 2 group was significantly decreased; MHBFC significantly increased the level of PGI 2 , which was inhibited by Indo. These results suggested that PGI 2 plays an important role in reversing myocardial remodeling.
